An X-ray detection instrument to be flown on a sounding rocket experiment (the Advanced Technology Solar Spectroscopic Imager -ATSSI) for solar physics observations, is being developed by the Lockheed Martin Solar and Astrophysics Laboratory (LMSAL). The detector is a novel class of microcalorimeter, a superconducting Transition-Edge Sensor (TES), that coupled with associated SQUID and feedback electronics requires high temperature stability at ~100 mK to resolve the energy of absorbed X-ray photons emitted from the solar corona. The cooling system incorporates an existing Adiabatic Demagnetization Refrigerator (ADR) developed at the University of Wisconsin, which was previously flown to study the diffuse cosmic X-ray background. The Si thermistor detectors required 130 K shielded JFET electronic components that are much less sensitive to the unshielded external field of the ADR solenoid than are the 1st (~100mK) and 2nd (~2K) SQUID stages used with TESs. Modification of the Wisconsin ADR design, including TES focal plane and electronics re-positioning, therefore requires a tradeoff between the existing ADR solenoid corrector coil geometry and a low mass passive solenoid shield, while preserving the vibration isolation features of the existing design. We have developed models to accurately compute the magnetic field with and w/o shielding or corrector coils at critical locations to guide the re-design of the detector subsystem. The models and their application are described.
INTRODUCTION

Instrument Application
An X-ray detection instrument to be flown on a sounding rocket experiment (the Advanced Technology Solar Spectroscopic Imager -ATSSI) for solar physics observations, is being developed by the Lockheed Martin Solar and Astrophysics Laboratory (LMSAL). The detector is a novel class of microcalorimeter, a superconducting Transition-Edge Sensor (TES), that coupled with associated SQUID and feedback electronics requires high temperature stability at ~100 mK to resolve the energy of absorbed X-ray photons emitted from the solar corona. The cooling system incorporates an existing Adiabatic Demagnetization Refrigerator (ADR) developed at the University of Wisconsin (UW), which was previously flown to study the diffuse cosmic X-ray background. [1, 2] Modification of the UW ADR design, including TES focal plane and electronics re-positioning, therefore requires a tradeoff between the existing ADR solenoid nulling coil geometry and a low mass passive solenoid shield, while preserving the vibration isolation features of the existing design. The method of X-ray detection using microcalorimeters, including TES, is shown schematically in Figure 1 .
The primary scientific goals of the ATTSI program are: 1) to demonstrate the performance of transition-edge sensors (TES) in microcalorimeter detectors for spaceborne spectro-heliograph instruments for solar physics observations, including future observatories; 2) to understand the use of high energy and imaging resolution in broad band observations; 3) to observe initial phase heating in the solar active regions using these detectors in a proof-ofconcept sounding rocket demonstration, the Advanced Technology Solar Spectroscopic Imager (ATSSI) with an expected launch date in CY 2008; 4) to demonstrate the high sensitivity of TES to single photon events at low flux rates (X-rays from solar corona); and 5) to demonstrate enabling technologies such as cryostat design and adequate magnetic shielding of critical components. The primary engineering challenges are: 1) ADR cryostat modifications; 2) TES magnetic shielding requirements; 3) onboard controller/electronics; 4) data management (~ 120 Mb/sec/pixel rate); 5) acoustic & thermal loads; and 6) calibration, integration & testing. 
ADR Design and Operation
An ADR comprises a strong superconducting solenoid, which has a high turn density to generate an intense axial central field, and a paramagnetic refrigerant capsule such as FAA suspended within the solenoid bore. Typically, the solenoid current is ramped slowly from zero to a safe maximum charging value to provide ~ 4T at the center of the solenoid and capsule. The axial induction component causes an alignment of the paramagnetic material's electron spins. During this isothermal magnetization phase the heat of magnetization is removed via a closed thermal switch to the near-surround heat sink, usually a superfluid helium bath at < 2 K. When the system is thermally equilibrated, the thermal switch is opened and the capsule and its detector heat load are thermally isolated. During the adiabatic demagnetization phase the solenoid current is reduced and the capsule cools in approximately direct proportion to the change in magnetic induction. In order to hold a constant final design temperature for long observation periods, the demagnetization is stopped before the field actually reaches zero. The current at this point is the initial operating current.
For the UW ADR solenoid the maximum charging current is 8.185 A and the initial operating current is 0.150 A, resulting in an initial net central field of ~0.0720 T. The current and field are gradually reduced as required to provide cooling to offset the thermistor detector dissipation and parasitic heat loads and to maintain a highly regulated detector temperature of 100 mK. In the existing magnet design a secondary nulling coil is located just beyond the detector end of the main solenoid. The nulling coil carries ~ 95% of the main solenoid current, but in the opposite polarity, to generate a null condition (zero field on axis) at the detector focal plane, 3.9 cm from the main solenoid end. A second null point occurs just beyond the first, at about 4.7 cm. There is some adjustment provision for the null point locations by varying the nulling coil current. The nulling coil also provides a modest overall field magnitude reduction of ~ 20% at the FET housing location. One disadvantage of a single nulling coil design is that it provides at most two true null points. In the case of an ADR it also asymmetrically degrades the solenoid central field used to align the electron spins unless its current can be set to zero during the isothermal magnetization phase.
MODELS
Purpose of Model Development
We have developed two analytical models for analyzing the internally generated ADR magnetic fields to determine the acceptability of the existing cryostat design or the need for its modification for the TES application. In particular, the two models determine the net magnetic field induction of the UW ADR solenoid and / or nulling coil at arbitrary field points and for arbitrary currents. The models provide an assessment tool to determine the need to provide magnetic shielding at the detector focal plane or at critical electronics, such as SQUID amplifiers, or alternatively to fully or partially isolate the solenoid using a ferromagnetic shield. Because of the high vibration environment associated with sounding rocket experiments, any re-design or modification of the cryostat must have minimal impact on the optimized resonant characteristics of the as-designed system. Additionally, external fields associated with ADR operation in future space-borne payloads may cause interference with flight avionics or other experiments.
Model for Solenoid Shield Design
The design of a minimum mass soft ferromagnetic shield with given saturation induction Bsat to completely contain a given ADR solenoid central induction Bsol follows from the requirement that the axial magnetic flux be conserved across the vertical profile of the shield at either end of the magnet. Likewise the total flux at either end must be conserved in the cylindrical shell return just outside the solenoid. [3] These conditions can be obtained by integrating the solenoid induction over an arbitrary axi-symmetric circular area at the end of the solenoid. The existence of the iron (non-superconducting) shield itself ensures that the induction field within the fully shielded solenoid bore is highly uniform, unlike the unshielded short solenoid field itself, and has the same magnitude as the mid-plane induction. The proof follows from Gauss's Law, which can also be used to show that the induction falls off linearly in the radial direction across the winding thickness. The return flux is carried uniformly in the shield shell. It is convenient to divide the shield end profile into four regions (bore, windings, transition, and return) to carry out the integrations to determine the minimum shield thickness versus radius from the solenoid centerline. The uniform induction over the bore results in a linear increase in shield thickness from the bore center to the inside winding radius; the linear decrease in the induction across the windings results in a nonlinear height profile that exhibits a maximum as the vertical area*Bsat product initially increases faster with the radius than the end area*Bsol product. A nonlinear thickness roll-off continues over the transition until the profile drops to zero where it meets the edge of the cylindrical shell. Using well-known Bsat and density data for electromagnetic iron, 2V-permendur, or other soft iron material, the model determines the optimum profile and minimum mass of the shield to contain a maximum central induction. Previous measurements with a Hall probe positioned at the joint of a twopiece 4T solenoid shield with this design validated the design approach, with leakage onset at 3.9 T as shown in Figure 3 . To use the model, the solenoid geometry and maximum field current are entered in an EXCEL spreadsheet, the shield material is chosen, and the shield profile and mass are computed and charted. The UW ADR main solenoid current for a 4 T central field is 8.185 A and at 0.22 T the current is 0.45 A. The latter current value results in a shield mass of 0.26 kg, which is equal to the mass of the UW ADR nulling coil, but it still provides full shielding at 3 times the initial operating current. The shield profile is shown in Figure 4 . For comparison a shield for the full charging current requires a mass of 3.9 kg. Its profile is shown in Figure 5 .
Model for Calculating Theoretical Magnetic Induction at an Arbitrary Field Point
An EXCEL spreadsheet model was devised for calculating the magnetic induction of an ADR solenoid and nulling coil system at an arbitrary field point (ρ, z) within or external to the magnet system. The model serves as an in-house resource to help make tradeoffs on the redesign of the ADR cryostat for the TES application. It can also supplement or confirm a solenoid manufacturer's field data or results of much more sophisticated models. [4] The model was developed in stages to ensure accuracy of the final version. It uses the principle of superposition of the fields of current loops (rings) to build up a system of concentric thin solenoids that can represent a thick solenoid. Because there is no simple analytical result for the field of a thick solenoid, this or similar approaches are widely discussed in the literature. [5] [6] [7] This method requires that the winding geometry, central field induction, and either the turn density or current of the modeled solenoid and nulling coil are given. A simplified schematic of the model is shown in Figure 6 . Given the thick solenoid geometry and current, the turn density (~3.36 E7/m^2 for the UW solenoid) is derived from the known analytical formula for the central field. [8] The current is divided equally among the Nρ thin solenoids; all rings carry equal currents. The model calculates the fields of the thick solenoid and nulling coil independently as cylindrical induction field components Bz and Bρ and obtains magnitudes and angles with respect to the solenoid axis. Components are then added to obtain the net field components, and the net field magnitude and angle are computed.
The model development used well-known formulas for on-axis and near-axis fields for thin solenoids to identify any difficulties in the superposition method. [8] Two approaches were taken for the determination of the exact fields at an arbitrary point. The first method involved the derivation of the spherical coordinate induction components based on the magnetic scalar potential. [9] [10] This requires expansions in the odd-numbered LeGendre polynomials and their derivatives, and the spherical coordinate results are converted into the desired cylindrical components. Expansion terms for r > R and r < R are different, where r is the distance to the field point and R is the radius of a given ring. This approach proved to be ineffective for r ~ R, because convergence would have required terms much higher than P11, as used in the model. (Within and just beyond the solenoid there will always be a subset of rings for which r ~ R.) However, this method was retained for comparison to the results of the second approach for r > 1.5 R, where convergence of the polynomial expansion is rapid and the method is quite accurate. The second approach used the vector potential for a current ring to derive the induction components in either spherical or cylindrical coordinates. [6] [7] 11] This approach provides closed form solutions (which can also be expanded), but here the problem is to accurately evaluate the complete elliptic integrals of the first and second kind. A method was found to do this analytically to within an accuracy of 2E-8. [12] Results of this method have been compared to limited published data (see Table 1 ). [7, 13] The radial and axial induction component contributions from a single ring of radius R are given in SI units [11] by: 
The model is user-friendly and flexible for the UW cryostat re-design trade-off. One proposed re-design is shown in Figure 7 . In more general applications the solenoid and nulling coil geometries, central field values, and operating currents can be varied individually. One problem for implementing the superposition method is to ensure that a sufficient number of vertical rings and concentric solenoids are used. The number of vertical rings can be varied from 2 to 200, but depending on the α and β values, Nz = 50 is usually adequate. It was found that model accuracy is significantly improved by using an averaging technique over the Nρ concentric solenoid contributions. A curve-fit of order Nρ -1 is integrated over the winding thickness. [13] The value of Nρ in the current model is only seven, but it can be increased if necessary. The field point inputs (ρ, z) are referenced to the main solenoid and automatically re-referenced for the nulling coil calculations at the same point. To take into account the existence of a solenoid shield, the current at which the shield saturates is subtracted from the input current and the induction at any field point external to the shield is calculated. Solenoid shielding with superconducting materials has not yet been incorporated in the model. [14] 
Preliminary Model Results and ADR Cryostat Re-design Options
Several cryostat re-design options have been identified by using the models: 1) retain the existing magnet and cryostat geometry; shield sensitive SQUID components as required based on model calculations for initial operating current, ~0.150 A; calculated fields range from 4 gauss to 23 gauss over the SQUID location; 2) as above, but relocate the TES detector from 3.9 cm to ~ 5.7 cm from end of solenoid (this requires 100% null current and location at the second null point); 3) provide an off-axis nulling coil at the SQUID location, using the model to design the nulling coil parameters; 4) relocate SQUIDs farther from the cryostat and use a thermal bus to ensure < 4 K; 5) eliminate the nulling coil and replace it with a ferromagnetic shield of equal mass (~ 0.26 kg), thereby eliminating all external field interference from the solenoid when its current is < 0.45 A, giving a safety factor of 3. A preliminary analysis of this option indicates that the magnet resonance characteristic would be unchanged; the detector could be relocated anywhere along the axis or off-axis, and the SQUID electronics could be repositioned closer to the detector. However, potential degradation of the TES detector and SQUID electronics due to exposure to high fields during the charging cycle must be addressed. The re-designed cryostat based on this option is shown in Figure 7 . The cryostat length has been extended from 33 cm to 40 cm to provide better accessibility to the focal plane and electronics, and thermal buses provide the 100 mK detector and 2 K SQUID cooling. 
CONCLUSIONS
Two analytical models have been developed to guide the re-design options for the University of Wisconsin ADR cryostat for the TES detector application in ATTSI. They are both implemented as EXCEL spreadsheets with simple inputs. The field model provides accurate magnetic induction components due to the main thick solenoid and nulling coil system at any arbitrary field point as a tool for determining detector / electronics shielding requirements. It may also be used generally to define a new magnet system geometry. The shield model provides the minimum mass geometry of a soft iron shield to fully eliminate the induction at external field points for given solenoid operating parameters.
